Introduction
Severe infection and sepsis with consecutive multiple organ dysfunction or failure (MODS) are major causes of morbidity and mortality in modern intensive care units [1] . Recent advances in our understanding of the pathogenesis of sepsis have made it clear that uncontrolled infections, whether clinically manifest or occult, are not the only cause of systemic inflammation and organ dysfunction. Other stimuli such as pancreatitis [2] , major trauma [3] , and burns [4] can also trigger an excessive inflammatory response and lead to MODS. As a result, it is now generally accepted that not all patients displaying the clinical signs of sepsis have an underlying infection. It is therefore frequently difficult to distinguish patients with systemic infection from those who appear septic but have no bacteriological or clinical evidence of infection. Common signs of systemic inflammation such as changes in body temperature, leukocytosis, and tachycardia may have an infectious or noninfectious etiology and are neither ,specific nor sensitive for sepsis. Thus, of 61 patients with sepsis (documented infection and at least two signs of remote organ failure), 35 (57%) presented with leukocytosis, 18 (29%) had leukopenia, and eight (14%) had normal leukocyte counts (unpublished data). Likewise, patients with sepsis may present with fever, hypothermia, or normal body temperature. Bacteriological evidence of infection, although considered a gold standard, may have some drawbacks. Negative blood cultures do not exclude sepsis and multiple samples may be required over extended periods before positive cultures emerge [5] . Furthermore, positive or negative cultures may not develop concurrently with clinical signs of sepsis. Because these common clinical and laboratory parameters lack sensitivity and specificity, others are needed to provide an early marker of the infectious etiology of a generalized inflammatory response and thus allow early diagnosis and the application of more specific therapeutic interventions. Furthermore, new parameters also may help identify subgroups of septic patients who may benefit from pro-or antiinflammatory therapies. One such parameter, procalcitonin, has recently attracted attention as a possible marker of the systemic inflammatory response to infection.
Physiology of Procalcitonin
Procalcitonin, a glycoprotein, is the propeptide of calcitonin devoid of hormonal activity. It consists of 116 amino acids with a molecular weight of 13 kD [6, 7] , and under normal circumstances, is produced in the C-cells of the thyroid gland. Procalcitonin is then cleaved via a specific protease to calcitonin, katacalcin, and an N-terminal residue [6] . In contrast to the short half-life of calcitonin (10 min), procalcitonin has a long half-life of 25-30 h [8] in serum. In healthy humans procalcitonin levels are undetectable (< 0.1 ng/ml). During severe infections (bacterial, parasitic and fungal) with systemic manifestations, procalcitonin levels may rise to over 100 ng/ml, produced mostly by extra-thyroid tissues. Thus, patients who have previously undergone a total thyroidectomy can still produce high levels of procalcitonin during a severe infectious episode [9] . The exact site of procalcitonin production during sepsis is uncertain; one investigator, using katacalcin antibodies, has identified procalcitonin-like activity in human leukocytes [10] , others suggest neuroendocrine cells and the lungs [11] [12] [13] as possible sites of production. Remarkably, the large amounts of procalcitonin produced during infections do not lead to an increase in plasma calcitonin levels or activity [9] .
Measurement of Procalcitonin
Previously, increases in serum calcitonin-like reactivities were found in patients with infections [14] or with lung disease [11, 12] . However, the methods employed did not discriminate between calcitonin and procalcitonin although some of the "calcitonin-like activity" in these studies may well be attributable to increases in procalcitonin levels. Today, procalcitonin is measured with an immunoluminometric assay (B.R.A.H.M.S. Diagnostika, Berlin). This assay is specific and uses two antibodies that bind to two sites (calcitonin and katacalcin) of the procalcitonin molecule, thus ruling out cross-reactivity. The detection limit of the assay is 0.1 ng/ml and procalcitonin levels of healthy subjects are usually < 0.1 ng/ml [15] .
Procalcitonin and Infectious Disease
Severe generalized bacterial, parasitic or fungal infections with systemic manifestation are associated with increased procalcitonin serum levels. In contrast, severe viral infections or inflammatory reactions of noninfectious origin do not, or only moderately increase procalcitonin levels. In one well-conducted prospective study [9] , 79 children with suspected infections displayed procalcitonin levels which were either very low (< 0.1 ng/ml) in those with no infection, or very high (6-53 ng/ml) in those with severe infections. Antibiotic therapy in those with severe infections led to a resolution of the infection and to decreases in procalcitonin levels. Localized bacterial infections without systemic manifestations and viral infections produced only small to modest increases (0.3-1.5 ng/ml) ( Figure 1 ). Calcitonin was undetectable in these patients regardless of how high procalcitonin levels were. In the same study, patients suffering from burns without (severe) infections had only modest elevations in procalcitonin levels, whereas those with severe infections had markedly elevated procalcitonin levels, suggesting that levels are increased during severe systemic bacterial infections, but not during viral infections or severe inflammatory reactions of noninfectious origin [9] . Because of these properties, procalcitonin has been proposed as a new parameter or indicator of severe generalized infections or sepsis [9, 15] .
Procalcitonin and Cytokines
Cytokines have been implicated in the pathogenesis of severe infections and sepsis. Like procalcitonin, cytokines such as tumor necrosis factor (TNF), IL-1 and IL-6 are frequently elevated in patients with severe bacterial infections (sepsis) [16, 17] . Healthy volunteers [18] injected with Escherichia coli endotoxin developed symptoms of systemic manifestation such as fever, myalgia, and chills 1-3 h later. Procalcitonin levels, undetectable at baseline, started to rise 4 h after endotoxin administration and plateaued at 4 ng/ml at 8-24 h. TNF and IL-6 levels peaked 2-3 h after endotoxin and were undetectable at 24 h (Figure 2) . That the same kinetics can be expected to occur in human septic shock has been recently described in a rare and interesting case [19] . A hemodialysate of calf blood contaminated with Acinetobacter baumannii was injected into a 76-year-old patient leading, within hours, to septic shock. TNF was detectable in serum at 1.5 h, peaked at 3 h, and declined thereafter. Procalcitonin first detectable at 3 h, peaked 14 h after the injection at more than 300 ng/ml, and remained increased for more than 24 h. Thus, in response to endotoxin or to live bacteria, increases in circulating procalcitonin levels occur shortly after cytokines have peaked. Differences in the half-lives of procalcitonin (25-30 h ) and the cytokines measured may explain why procalcitonin is detectable longer, or cytokines released after endotoxin administration might induce procalcitonin production. Unpublished observations (personal communication, Dr. Beier, Berlin) show that in cancer patients IL-2 or OKT3 infusions, or perfusion of isolated extremities with TNF lead to increases in procalcitonin levels. These reports, if substantiated, could better explain the described kinetics of procalcitonin and cytokines. Either way, although the chances of detecting elevated cytokine levels during severe infections are limited by their short half-lives, procalcitonin remains detectable in blood much longer. In a study at our institution [20] , when compared to TNF and IL-6, procalcitonin best discriminated the severity of the inflammatory infectious response (Table 1 ). Furthermore, both TNF and IL-6 may decline despite persistence or even increased severity of sepsis, but procalcitonin levels remain elevated or may increase. The same cytokines are also frequently elevated in patients with (inflammatory) autoimmune disease (rheumatoid arthritis, lupus erythematosus), in which procalcitonin remains undetectable [8] .
Increases in cytokine levels are not confined to the intravascular space and during infections, cytokine levels in body compartments (pleural fluid, bronchoalveolar fluid, cerebrospinal fluid, ascites) often exceed cytokine levels in intravascular space. In contrast, increased procalcitonin levels are mainly confined to the intravascular space and procalcitonin is either undetectable or markedly low in other body compartments [21] .
Procalcitonin as' an Indicator of the Inflammatory Response to Infectious Diseases
It is important to determine whether procalcitonin is a marker of (bacterial, fungal, or parasitic) infection, of the Values are expressed in means_+SEM. TNF-e~= tumor necrosis factor alpha, IL-6 = interleukin-6, Proct = procalcitonin. SIRS = systemic inflammatory response syndrome.* p<0.05 as compared to preceding value [20] .
inflammatory response (to infectious or noninfectious stimuli), or only a marker of any severe degree of systemic host response (i.e. shock). Although many studies have been published on procalcitonin, as yet no study has provided satisfactory answers to these important questions. Clearly, procalcitonin is not a marker of infection as such since localized infections or infections with no systemic manifestation may not cause any appreciable increase in procalcitonin levels [22] . Procalcitonin levels increase only during infections with systemic manifestation. During such infections, the specificity of procalcitonin for infections increases with increasing procalcitonin values, i.e. patients with procalcitonin values above 1.5 ng./ml are more likely to have a severe infection (sensitivity 1.00, specificity 0.72) than patients with procalcitonin values between 0.1 and 1.5 ng/ml (sensitivity 1.00, specificity 0.35) [23] . However, the number of patients in such studies are limited and other investigations may report cut-off values above or below this level to obtain a certain level of diagnostic accuracy. Because of this, both high and low cut-off values of procalcitonin have been used to predict infectious complications in patients with an underlying active inflammatory disease. In patients with pancreatitis, pro- calcitonin levels greater than 1.8 ng/ml predicted infectious complications with a diagnostic accuracy of 0.87, which was comparable to that of fine-needle aspiration (0.84) [24] . The diagnostic accuracy improved if increases in procalcitonin levels (> 1.8 ng/ml) occurred at least twice during the observation period. In contrast, the cut-off value which was used to predict bacterial infection in patients with underlying active lupus erythematosus was merely 0.5 ng/ml [25] , with a sensitivity of 1.00 and a specificity of 0.84. These findings suggest that levels of procalcitonin which best differentiate between infectious and noninfectious states in patients with underlying inflammatory syndrome may depend on the characteristics of the patient population studied. Procalcitonin levels increase with increasing severity of the inflammatory response to infection. A recent study [23] compared procalcitonin values in patients with bacterial pneumonia and septic shock. Procalcitonin values were moderately increased in patients with bacterial pneumonia (mean: 2.4 ng/ml) but were markedly increased in patients with septic shock (means: 72-135 ng/ml). Preliminary results of other studies [20, 26, 27 ] suggest that once the procalcitonin level is increased, it then may reflect the severity of the inflammatory/infectious response. When patients were categorized into SIRS, sepsis, severe sepsis, and septic shock using ACCP/SCCM Consensus Conference Criteria [28] , procalcitonin levels were especially elevated in patients with severe sepsis and septic shock (Table 1 ). On the other hand, procalcitonin levels are not or only moderately increased in systemic inflammatory response to viral or to noninfectious stimuli (non-viral infections). In neonates and children, those with bacterial meningitis had significantly higher levels of procalcitonin (mean: 57.9 ng/ml) than those with viral meningitis (mean: 0.3 ng/ml) [29] . In patients infected with human immunodeficiency virus (HIV), procalcitonin levels were increased only in those with bacterial sepsis, whereas HIV infection alone, even in the last stages of disease, did not lead to increases in procalcitonin levels [30] . These findings have prompted investigators to use procalcitonin to differentiate between infectious and noninfectious causes of severe inflammatory states. Preliminary results suggest that procalcitonin helps differentiate an infectious (cholangitis by bile duct obstruction) from a non- infectious (ethanol) etiology of pancreatitis [31] , infectious from noninfectious causes of the acute respiratory distress syndrome in adults (ARDS), and systemic fungal [32] and bacterial infections from episodes of graft rejection [33] in patients after organ transplantation. These findings suggest that procalcitonin levels may help identify non-viral infection as a cause of the systemic inflammatory response. Procalcitonin values in cardiogenic shock are only moderately increased (mean 1.4 ng/ml) in comparison to the large increases in patients with septic shock (means: 72-135 ng/mt) [23] . These findings show that increases in procalcitonin during septic shock are due to the inflammatory reaction to infection and not to poor organ perfusion. Thus, although the severity of the systemic response to infection is reflected in corresponding increases in procalcitonin levels, even severe disease of noninfectious etiology does not necessarily lead to corresponding increases in procalcitonin levels.
Since procalcitonin levels increase with increasing severity of the inflammatory response to infection they may be of prognostic value and may help evaluate therapeutic efficacy. In patients with metioidosis (infection with Pseudomonas pseudomallei), a fatal outcome was associated with significantly higher levels of procalcitonin than that seen in patients who survived [34] . In a study performed at our institution [35] , procalcitonin values obtained on the day sepsis was diagnosed were significantly higher in non-survivors of sepsis as compared to survivors. Furthermore, procalcitonin levels increased during the course of disease in non-survivors whereas they decreased in surviving patients.
Procalcitonin and C-Reactive Protein
C-reactive protein is also a useful clinical tool in assessing the inflammatory response to infections. C-reactive protein has been successfully used to differentiate between true pneumonia and endotracheal infections in patients with chronic obstructive lung disease [36] , to increase diagnostic accuracy in patients with appendicitis [37] , to detect postoperative sepsis in infants [38] , as an indicator of resolution of sepsis, and to differentiate between bacterial and viral infections [39] . In a recent study [40] , C-reactive protein and procalcitonin were simultaneously measured in children with infectious disease. Procalcitonin increased earlier and returned to the normal range more quickly than C-reactive protein.
Our clinical experience suggests that Creactive protein may be an important marker in infections without systemic manifestation where procalcitonin concentrations are usually low. Procalcitonin, however, may be a superior marker during infections with systemic manifestation. Nevertheless, more studies are needed to determine whether procalcitonin is superior to C-reactive protein in differentiating between inflammation of infectious and noninfectious origin.
Limitations of Procalcitonin as an Indicator of Infections
It must be recognized that many studies concerning procalcitonin are observational studies in rather small patient populations or so far are reported only as short communications. Procalcitonin may not or may only slightly increase when infection remains confined to a tissue or organ with no systemic manifestations. For example, with some exceptions, procalcitonin levels do not increase to more than a modest 1-2.4 ng/ml level during community-acquired pneumonia [22, 23] . In patients with localized infections without signs of systemic manifestation, therapeutic measures such as antibiotics or surgical intervention may be necessary despite normal procalcitonin levels. Although elevated procalcitonin values during severe infections may decrease to very low levels with appropriate therapy, this does not always indicate complete eradication of the infection but merely that generalization of the infection or the septic response is under control. Continuation of antibiotic therapy or surgical measures may be necessary until all clinical signs of infection have disappeared.
Procalcitonin levels may also occasionally be elevated in diseases with noninfectious causes. Patients with multiple trauma or after major surgery [41, 42] , patients after cardiopulmonary bypass [43] , and patients with C-cell carcinoma of the thyroid gland [44] and small-cell carcinoma of the lung [45] may present with increased procalcitonin levels without any evidence of severe infections. In high-risk cardiac surgery patients, procalcitonin was not helpful in differentiating between the inflammatory reaction to infection or to surgery as such [46] . However, in some cases procalcitonin levels decrease when no infectious complications occur, implying that changes in procalcitonin levels may be more informative than absolute values.
Some Patient Groups in which Procalcitonin Measurement or Monitoring May Prove Useful
Procalcitonin monitoring may be useful in patients likely to develop a systemic inflammatory response of infectious origin. Abrupt increases or high procalcitonin values in the following patient groups are indications for a search for a source of infection:
• Intensive-care unit patients after major surgery or trauma • Intensive-care unit patients with nosocomial infections which may lead to sepsis • Immunocompromised patients Procalcitonin measurements may also be helpful in differentiating between infectious or noninfectious causes in patients presenting with a systemic inflammatory response syndrome:
• Pancreatitis (infectious-cholestatic versus alcohol-toxic and infected versus non-infected necrosis of the pancreas)
• Adult respiratory distress syndrome (infectious versus non-infectious)
• Transplantation patient (rejection reaction versus infections)
In addition, procalcitonin measurements may be helpful in differentiating between viral and bacterial infections (with systemic manifestation):
• Meningitis in neonates and children (viral versus bacterial)
Open Questions regarding the Nature and Use of Procalcitonin
Despite the increasing number of studies, many questions regarding the nature and utility of procalcitonin still remain open: * Which cells produce procalcitonin during infectious episodes?
• Which stimuli prompt these cells to produce procalcitonin?
• What purpose do high procalcitonin levels serve during severe infections?
• Large observational studies using adequate statistical means will be needed to determine when and whether procalcitonin is superior to conventional clinical and laboratory criteria in the differential diagnosis of severe inflammatory states. Answers,to these questions may lead to a more effective use of procalcitonin in predicting the presence and course of infections.
In conclusion, procalcitonin may prove to be a valuable indicator capable of identifying the presence and intensity of severe systemic non-viral infections.
